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Abstract 
Dynamic testing of solar thermal systems is presently defined by ISO 9459-5:2007 [1]. The testing methodology is 
clearly defined in the standard. Presently, testing laboratories use DST program [3], a closed source program, for 
identification of parameters, which is based on a model described in reference [4]. This makes difficult to understand 
strange results or application to systems with special features. The present paper describes the work done following a 
different approach for the identification of parameters - use of TRNSYS [5] to simulate the system and use of 
GENOPT® [6] for optimization. Results are presented and compared with the use of DST for thermosyphon and 
forced circulation systems. 
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1. Introduction 
Dynamic testing of solar thermal systems is presently defined by ISO 9459-5:2007 [1]. The testing 
methodology is clearly defined in the standard. This standard is referred in EN 12976-2:2006 [2] as 
testing methodology for Factory Made System working either as solar only or preheat systems or as solar 
plus supplementary systems. Based on testing according to ISO 9459-5:2007 [1], the identification of 
parameters characterizing the system is needed. Presently testing laboratories use DST program [3] for 
identification of parameters, which is based on a model described in reference [4] but is a closed source 
program. This makes difficult to understand strange results or application to systems with special features. 
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Previously other approaches were used. In [7] a simplified energy balance differenctial equation was 
resolved applying the Euler´s Method for numerical solution and identification of parameters using the 
Levenberg Marquadt method. Results of this approach were presented in [8]. In [9] Levenberg Marquadt 
method was also used for identification of parameters in association with DST program [3] for simulation 
of the solar system. 
The present paper describes the work done following a different approach for the identification of 
parameters - use of TRNSYS [5] to simulate the system and use of GENOPT® [6] for optimization. 
TRNSYS was used to simulate solar thermal systems and generate test sequences according to ISO 
9459-5:2007. Since no model in TRNSYS reproduces exactly the energy balance equation considered in 
ISO 9459-5:2007, the parameters identified are not exactly the same as the parameters identified by DST 
program [3]. As a first option the parameters identified are the ones characterizing collector efficiency and 
heat store losses. Heat store thermal capacity was considered fixed and equal to store water mass times de 
water heat capacity coefficient. 
Other options were also tried in order to select additional parameters that can reproduce the effect of 
parameters characterizing heat store stratification and mixing draw off effects. Section 2 describes the 
parameters identified.  
 For identification of parameters the tool GENOPT® was used. Different optimization algorithms of 
GENOPT® were studied and it was decided to use Particle Swarm Optimization (PSO) with Constriction 
[6]. A summary of the available and tested optimization algorithms is presented in section 3 justifying the 
choice of PSO.  
In section 4 the results obtained for selection of system modeling and optimization algorithm are 
presented and discussed. The choice made is applied to two thermosyphon systems and two forced 
circulation systems. Section 5. presents the conclusion and perspectives of future work are also given in 
this section. 
 
Nomenclature 
a1 collector heat loss coefficient (Wm-2K-1) 
a2 temperature dependent collector heat loss coefficient (W m-2K-2) 
0 zero-loss collector efficiency (-)  
Us storage tank heat loss coefficient (W m-2K-1) 
DS de-stratification conductivity (Wm-1 K-1) 
PLoad, exp   measured thermal power delivered by the solar thermal system (W) 
PLoad, model  simulated thermal power delivered by the solar thermal system (W) 
LTPP LTPP percentage difference between TRNSYS and DST values, referred to TRNSYS (%) 
STP STP percentage difference between values measured and modeled with TRNSYS, referred to 
values measured (%) 
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2. TRNSYS models used and parameters identified 
The objective of the present work is to use TRNSYS [5] and GENOPT® [6] as an alternative to DST 
[3]. DST is used in the frame of testing factory made systems according to ISO 9459-5 [1]. Factory made 
systems are most frequently thermosyphon and forced circulation systems. 
In Table 1 a summary of the TRNSYS main components used in the simulation are listed. The choice 
made also took into account the similarity with the DST model [4].  
 
Table 1. TRNSYS types used for modeling of factory made systems 
Type of system 
TRNSYS Types 
Collector Heat store Pump Control 
Thermosyphon Type 45a --- --- 
Forced circulation – A Type 1b Type 38 (mode 1 and 2) Type 3b Type 2b 
Forced circulation – B Type 1b Type 60d (with different number of nodes) Type 3b Type 2b 
 
In Type 38, the difference between mode 1 and mode 2 corresponds to, respectively, a fixed or a 
variable position for entrance of hot water from the collector to the heat store. In the case of Type 38 it is 
considered that mode 2 describes better the behavior of the heat store stratification. 
Common components to the different models were: 
- Data Reader For Generic Data Files-Type 9e  
- Load characterization – Type 14b 
- Connection to GENOPT® - TRNOPT – Type 582 
 
In Table 2 are listed the parameters considered as variables for optimization. It was taken into account 
which variables are mandatory according to ISO 9459-5. Heat store thermal capacity was not considered 
as variable. It was fixed equal to water store mass multiplied by water thermal capacity. The same was 
adopted in DST simulations for comparison with the results of TRNSYS simulation and GENOPT® 
optimization. 
 
Table 2. Parameters considered for optimization 
Type of system 
Collector Storage Tank 
Collector optical 
efficiency 
Collector 
heat losses 
Storage tank 
heat losses Storage tank stratification 
Thermosyphon 0 a1 Us --- 
Forced circulation – A 0 a1, a2 Us --- 
Forced circulation – B 0 a1, a2 Us 
DS - destruction of stratification  
(conductivity in storage tank) 
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3. GENOPT® methods for identification of parameters 
GENOPT® is described in [6] as an optimization program for the minimization of a “cost function” 
that is evaluated by an external simulation program, e.g. TRNSYS [5]. It is used when the “cost function” 
or “objective” needs a large computational effort to be evaluated and its derivatives are not available or 
may not even exist [6]. Several optimization algorithms are available through GENOPT® and the user 
can choose the most adequate to its problem. GENOPT® is a free use tool. 
Different examples of use of GENOPT® for solution of problems with multi variables and the need to 
find the optimal solution can be found in literature [10, 11, 12]). One example is to minimize annual 
source energy consumption for heating, cooling, and lighting in a building and this was the motivation for 
the development of GENOPT® [10].  
The present work differs from most applications of GENOPT® since it uses measured sequences and 
wants to determine the parameters, characterizing a solar thermal system model, that minimize the 
difference between experimental and modeled value. A similar approach was presented in [13] for 
collector parameter identification which is a lesser complex application where other optimization 
solutions are available such as multi linear regression. 
Different optimization algorithms are available at GENOPT® [6], multi-dimensional, one-dimensional 
and parametric algorithms. In the present case multi-dimensional algorithms are needed since solar 
thermal system model are characterized by more than one parameter, at least four are mandatory 
according to EN 12976-2:2006 [2]. 
According to [6] multi-dimensional algorithms can be: 
i) Generalized Pattern Search (GPS), e.g. Hooke-Jeeves algorithm, and are usually used to determine 
local minimum. To attempt the search of a global minimum different initial values have to be considered. 
ii) Particle Swarm Optimization (PSO) is a global minimum search method. Different options can be 
considered, such as: PSO with Inertia Weight; PSO with Constriction Coefficient; PSO restricted to mesh.  
iii) Hybrid GPS algorithm with PSO algorithm, e.g. use of PSO followed by Hooke-Jeeves. 
The objective function first adopted was: 
 
  (1) 
 
 
which later was substituted by (see section 5): 
 
  (2) 
 
 
For evaluation of the objective function, i.e. of Pload,i,model , TRNSYS is used. TRNSYS depends on the 
solution of a system of partial and ordinary differential equations that are coupled to algebraic equations. 
An exact solution will not be available, only a numerical solution. These characteristics are close to a 
problem of discontinuous variables pointing out to the use of an optimization algorithm of the type PSO – 
Particle Swarm Optimization [6].  
Preliminary results (Forced circulation system – FC 2 (see Table 4) simulated as FC B (see Table 1)) 
applying the different algorithms referred above showed that all of them could reproduce the long term 
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performance of a solar system within the value determined by DST, but the more promising results were 
with PSO with constriction. Section 4 shows the results of applying the PSO with constriction.  
The choice of the most adequate conditions for PSO with constriction optimization was done and the 
final values adopted are listed in Table 3. The number of iterations needed for optimization is equal to the 
number of particles multiplied by the number of generations. It was decided to fix the number of particles 
to ten and vary the number of generations in order to find the value that would reduce the time of 
simulation and still converge to an optimum. Fig.1 represents the position of the particles i.e. values 
obtained for each parameter, in the case of a forced circulation system (FC2) modeled as FC B (see Table 
1).  
Table 3. Adopted parameters for PSO with constriction coefficient 
 
 
 
 
 
 
Fig. 1. Particles/Parameters evolution using PSO with constriction as a function of the number of particles and the number of 
generations (a) Initial values; (b) values for 10 generations; (c) values for 25 generations; (d) values for 50 generations 
“NeighborhoodTopology” gbest “Seed” 20 
“NeighborhoodSize” 1 “CognitiveAcceleration” 0.5 
“NumberOfParticle” 10 “Social Acceleration” 0.5 
“NumberOfGeneration” 10 “ConstrictionGain” 0.5 
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After 50 generations, corresponding to 500 iterations all parameters clearly converged (Fig.1 (d)). 
After 10 generations, corresponding to 100 iterations the parameter values show a standard deviation that 
is close to the standard deviation of parameters determined by DST [3]. In the present work 100 iterations 
was considered enough. 
Work done using PSO followed by Hooke –Jeeves was tried not showing yet better results. 
 
4. Presentation of results and discussion 
In order to evaluate the best options in terms of system modeling and optimization the following two 
approaches for comparison of results were considered and are referred as: i) STP – Short Term 
Prediction; ii) LTPP – Long Term Performance Prediction. 
In the case of STP the test sequences obtained according to ISO 9459-5 for 4 systems (2 thermosyphon 
and 2 forced circulation systems) were used. See Table 4 with a brief description of the systems. The test 
sequences are formed by one A sequence, SSol-A, one B sequence, SSol-B and one heat loss sequence, SHL. 
The experimental sequences were recorded with time steps according to ISO 9459-5. For use in TRNSYS 
they had to be converted in sequences with equal time steps (60 seconds – results of Table 5 and 20 
seconds – results of Table 6). It was observed that preserving the periods without and with draw-off was 
important and 20 second time step verified this condition.  
Total energy delivered by the systems measured and modeled using the optimization results was 
compared. 
Table 4. Characteristics of Factory Made Systems tested 
 Type of System Collector Aperture Area (m2) Storage Tank Volume (m3) Heat Exchanger type 
T1 
Thermosyphon 
3.82 0.200 Coil 
T2 1.86 0.180 Double Jacket 
FC1 
Forced Circulation 
7.83 0.500  Coil 
FC2 7.05  0.398 Coil 
 
In the case of LTPP the yearly energy yield for Lisbon was determined modeling the system in 
TRNSYS using the optimization results of GENOPT®. This result was compared with the result provided 
by DST using the same test sequences for parameter identification (optimization) and Lisbon climatic 
data for yearly energy yield prediction. 
The choice of TRNSYS type for the storage tank in forced circulation systems can be seen from the 
results shown in Table 5 and Fig. 3. Table 5a) lists the parameters corresponding to the optimum with 
different modelling options and were obtained for system FC2. Table 5b shows the differences between 
the long term energy values using TRNSYS and DST and short term energy values of measured test 
sequences that were also modelled using TRNSYS. 
Using Type 60d shows differences either for STP and LTPP approach lower than ±5% (comparison 
with experimental data and with DST, respectively). The use of an additional parameter that better models 
storage tank stratification, DS, by the effect of thermal conductivity, and the use of more nodes (from 3 to 
50 nodes) is seen in Fig. 2, 3 and 4 and shows closer reproduction of the draw-off profile in comparison 
with the experimental results. 
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Table 5a). - Parameters corresponding to the optimum with different modelling options for system FC2 
System Modeling options Objective a1  (Wm-2K-1) 
a2  
(Wm-2K-2) Ƞ 0 (-) 
Us  
(Wm-2K-1) 
DS  
(WmK-1) 
FC A (mode 2) (1) 2.79 0.064 0.62 1.98 --- 
FC A (mode 1) (1) 3.15 0.092 0.70 1.77 --- 
FC B (3 nodes) (1) 4.65 0.028 0.78 0.82 --- 
FC B (3 nodes) (1) 1.85 0.019 0.71 1.78 1.99 
FC B (50 nodes) (2) 1.90 0.014 0.63 1.06 1.41 
Table 5b). - Results for forced circulation system considering different modeling options in TRNSYS for system FC2 
System Modeling options Objective 
LTPP 
(DST) 
(GJ) 
LTPP 
(TRNSYS) 
(GJ) 
LTPP 
(%) 
STP  
(Measued) 
(MJ) 
STP 
(Modeled) 
(MJ) 
LTPP 
(%) 
FC A (mode 2) (1) 
15.04 
14.49 3.7 
613.5 
 
619.0 -0.9 
FC A (mode 1) (1) 16.27 -8.1 636.6 -3.8 
FC B (3 nodes) (1) 14.93 0.8 623.1 -1.6 
FC B (3 nodes) (1) 15.14 15.80 -4.4 619.3 -0.9 FC B (50 nodes) (2) 15.79 -4.3 587.3 4.3 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 – Draw-Off profiles – System model FC B with a) 3nodes, 4 parameters; b) 3 nodes, 5 parameters; c) 50 nodes, 5 
parameters, for final extraction of test sequences Ssol,A. 
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Fig.3 – Draw-Off profiles – System model FC B with a) 3nodes, 4 parameters; b) 3 nodes, 5 parameters; c) 50 nodes, 5 
parameters, for final extraction of test sequences Ssol,B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 – Draw-Off profiles – System model FC B with a) 3nodes, 4 parameters; b) 3 nodes, 5 parameters; c) 50 nodes, 5 
parameters, for final extraction of test sequences SHL 
 
Results for the four systems listed in Table 4, with the TRNSYS modeling option FC B with 50 nodes 
and 5 parameters and with the GENOPT® optimization option of PSO with constriction following a 
sequential determination of the optimum and considering equation (2) for the objective gives the results 
shown in Table 6a) and b). 
The differences observed, either for STP and LTPP approach, are lower than ±5% (comparison with 
experimental data and with DST, respectively) for the forced circulation systems. 
 In the case of thermosyphon systems although STP approach shows differences higher than ±5%, for 
the LTPP the differences are lower than ±5%. 
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Table 6a). - Results for thermosyphon systems 
System a1 (Wm-2K-1) 0
 Us  
(WK-1) 
LTPP 
(DST) 
(GJ) 
LTPP 
(TRNSYS) 
(GJ) 
LTPP  
(%) 
STP  
(Measured) 
(MJ) 
STP 
(Modeled) 
(MJ) 
STP 
 (%) 
T1 4.76 0.71 2.69 5.46 5.54 -1.6 166.50 155.36 6.7 
T2 4.39 0.60 2.75 7.25 6.90 4.8 257.56 271.64 -5.5 
 
Table 6b). - Results for forced circulation systems 
System a1 (Wm-2K-1) 
a2  
(Wm-2K-2) 0
 DS 
(Wm-1K-1) 
Us  
(Wm-2K-1) 
LTPP 
(DST) 
(GJ) 
LTPP 
(TRNSYS) 
(GJ) 
LTPP  
(%) 
STP 
(Measured) 
(MJ) 
STP 
(Modeled) 
(MJ) 
STP 
 (%) 
FC1 1.36 0.011 0.50 1.34 2.05 14.76 14.77 -0.1 348.8 331.4 5.0 
FC2 (test 1) 1.81 0.014 0.67 1.52 2.57 15.14 15.59 -2.9 639.4 610.6 4.5 
FC2 (test 2) 1.77 0.014 0.65 1.65 2.77 15.01 15.41 -2.6 649.5 636.7 2.0 
 
 
In the case of thermosyphon system T2 a sequence of two month of measurements made in the test 
stand described in [9] was obtained. A draw-off equal to the storage volume at 18h solar time was 
applied. Comparison of results between measured and modeled system using the parameters of Table 6.a) 
is shown in Table 7. 
 
Table 7. – Energy yield measured and modeled for termosyphon system T2 
Energy yield – 2 month (2 February 2012 – 31 March 2012) 
Measured  
(MJ) 
Modeled 
(MJ) 
STP 
 (%) 
1898 1858 2.1% 
 
This result shows the good agreement between measured and modeled results applied to an 
independent measured sequence. Measurement will continue in order to validate results for longer 
periods. The same will be applied to a forced circulation system.  
5. .Conclusions  
The present paper describes the work done following a different approach for the identification of 
parameters - use of TRNSYS [5] to simulate the system and use of GENOPT® [6] for optimization. 
TRNSYS was used to simulate solar thermal systems and generate test sequences according to ISO 
9459-5:2007. As a first option the parameters identified are the ones characterizing collector efficiency 
and store heat losses. Store heat capacity was considered fixed and equal to storage mass times de water 
heat capacity coefficient. In order to better reproduce effects of stratification an additional parameter was 
considered which uses thermal conductivity to model these effects. A TRNSYS type for the storage tank 
considering several nodes was also used in order to better describe the effects of draw-off temperature 
profile, i.e., mixing draw off effects. 
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For identification of parameters the tool GENOPT® was used. The different optimization algorithms 
of GENOPT® were studied and it was decided to use Particle Swarm Optimization (PSO) with 
Constriction [6] which showed good results with a number of iterations close to 100.  
For application of the developed methodology two thermosyphon systems and two forced circulation 
systems were used. After determination of optimal parameters these were used to compare energy 
delivered in the short term test sequence measured and modeled. The differences for STP for forced 
circulation systems were within ±5% and for thermosyphon slightly larger (<±7%). Comparison was also 
made for Lisbon climatic data using the optimal parameters in TRNSYS as LTPP and comparing with the 
DST result for LTPP. Differences are in both cases within ±5%. Considering that final test results 
according to EN 12976 [2] are LTPP results it is possible to consider that this is a promising 
methodology.  Future work will focus on the systematic application of this methodology to other systems. 
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